ABTRACT HASHIMOTO, HAJIME (Gunma University, Maebashi, Japan), AND SUSUMU MrrsuHAsHi. Drug resistance of enteric bacteria. VII. Recombination of R factors with tetracycline-sensitive mutants. J. Bacteriol. 92:1351Bacteriol. 92: -1356Bacteriol. 92: . 1966.-The transmissible drug-resistance factor R is able to confer resistance to tetracycline (TC), chloramphenicol (CM), streptomycin (SM), and sulfonamide (SA) on a host bacterium when infected by cell-to-cell contact. Tetracycline-sensitive mutants were isolated from either CM-or SM-sensitive mutants of an R factor. Among 30 mutants isolated, 10 were point mutants which could recombine with each other, forming recombinant R factors able to grow on plates containing 50 ,ug/ml of TC. The recombination frequency of TC-resistant recombinants was 10 to 10-in bacterial cells carrying two types of TC-sensitive R factors by superinfection with both factors. Segregational patterns of the various markers on the R factor, i.e., chl, str, sul, and m, the locus determining R mating, and their linkage order, were investigated among TC-resistant recombinants of the R factor. When TC was used as the selective drug, the tet locus mapped on the R factor as an end marker. In view of the fact that these results are inconsistent with the linkage order of various markers reported previously, a circular genetic structure for the R factor which includes five tet-s and three chl-s loci is presented.
In a previous paper (9) , it was shown that recombinant R factors are formed when two types of R factor are brought together by superinfection of a cell with both factors. The recombinant R factors are capable of normal transfer by conjugation and also are transduced as one unit into Escherichia coli K-12 by Plkc phage.
Recombination of R factors was first demonstrated by Hashimoto and Hirota (6) , who presented the following linear linkage order of various markers: chl-i chl-2 chl-9 str sul tet-1 m.
Our previous studies offered no contradiction to this order when chloramphenicol (CM)-resistant recombinants were selected. To verify these results, tetracycline (TC)-sensitive mutants of the R factor were obtained, and recombination between tet loci of R factors was examined with TC resistance as the selective marker.
In this paper, studies of recombination between the tet loci of R factors, along with a circular genetic structure for the R factor, are presented.
MATERIALS AND METHODS
Strains, R factors, and drugs. Strains used are listed in Table 1 . The host for the original R factor is E. coli K-12 W3630 (mal X-r Hfr-3 F-). The four JE strains were isolated at Osaka University and described in a previous paper (6) . The ML strains are mutants isolated in this laboratory. R factors are all derivatives of the Rloo-l (chl-r str-r sul-r tet-r m+ i-) strain (5) . All of the derivatives from R1,,1 isolated in this laboratory are hereafter referred to as Rg ,,, n indicating the number of the mutant isolated.
Strains resistant to CM, TC, dihydrostreptomycin (SM), and sulfonamide are able to grow on plates containing 25, 25, 12.5, and 200 ug/ml of these drugs, respectively.
Media. Eosin-methylene blue (EMB)-lactose or EMB-maltose, and Brain Heart Infusion (Difco), were used routinely as described in a previous report (6) .
Genetic markers used. Drug resistance markers are denoted as chl, tet, str, and sul. A mutant locus was numbered according to the order of isolation, irrespective of whether it was a point or deletion mutant. A point mutant can revert or recombine with other point mutants to become drug-resistant. The locus m is a genetic one which determines R mating (10) . The mutant m-9 was kindly supplied by T. Fujii, Osaka University. Until now the m locus has not been separable genetically from the transfer loci 1351 on September 23, 2017 by guest http://jb.asm.org/ Downloaded from t, m+ or m-R factors being consistently t+ or t-, respectively.
Penicillin screening. The method used was the same as previously reported (6) .
Bacterial crosses. Crosses of R factors were all carried out with a pair of chl-r str-s tet-s-x m+ (or m-) and chl-s str-r tet-s-y m-(or m+) strains. In conjugation experiments, an overnight broth culture of each of the donor and recipient strains was diluted 1:10 with fresh broth. After 3 hr of shaking at 37 C, 4 ml of the donor culture was added to 4 ml of the recipient culture, and the mixed culture was shaken at 37 C. After 2 hr of incubation, 0.1-ml amounts of appropriate dilutions were spread on various selective plates.
When chl-r str-s and chl-s str-r R factor-containing strains are mated, colonies selected on CM plus SM plates may be cells either doubly infected with both R factors (referred to as the hetero-R state) or chl-r str-r recombinants. However, the genetic distance between the chl and str loci is so close that the recombination frequency between both loci is less than 10-2. Thus, the great majority of colonies selected on CM plus SM plates are those carrying the two types of R factor, i.e., in the hetero-R state, showing segregation of CM-or SM-sensitive clones after subculture on drug-free plates.
Colonies selected on TC plates consisted of recombinants in which crossover has occurred between tet-s-x and tet-s-y loci. Thus, the ratio of the number of clones on the TC plates to those on CM-SM plates indicates the frequency of recombination.
The method of R transfer by transduction was described in a previous paper (6) . Unselected markers of the transductants were examined after three successive single-colony isolations on drug-free plates. The replica-plating test for resistance markers and the spot test for the m locus were described previously (6, 10) .
Construction of the genetic sequence of markers. In each cross, eight types of segregants (Table 3) can be obtained, but the chl and str loci are so closely linked that recombination between these two loci is rare (6) . In this study, we confined our analysis to the genetic linkage of chl-str and the m loci. A detailed genetic analysis of the chl and str loci will be described elsewhere.
RESULTS
Isolation of tet-s mutants of R factor. From the first three strains listed in Table 1 , 30 tet-s mutants of the R factor were isolated by the penicillin screening method. TC-sensitive mutants comprised about 0.1% of the colonies appearing after treatment with penicillin.
The bacterial cells carrying each of these 30 tet-s mutants of the R factor were cross-streaked with each other on plates containing 25 ,g/ml of TC, and TC-resistant colonies were examined for recombination between different tet-s R factors. When the cross-streaks on a plate were negative, mixed cultivation of an equal part of cells (ca. 109 per milliliter) carrying each of the tet-s R factors was further tested for rare recombination between tet-s loci, to determine whether these tet-s R factors were point or deletion mutants.
Two point mutants, tet-s-9 and tet-s-11, were isolated from Rloo-1oo. From R100-84 and R100-86, 12 and 11 tet-s R factors, respectively, were isolated, of which 5 and 3 were point mutants, respectively. Among these mutants, five point mutants of tet-s R factors are shown in the middle section of Table 1 . Other mutants of tet-s R factors were obtained by recombination of both types of tet-s R factor, and are also shown in Table 1 .
Recombination between tet-s-9 and tet-s-26 R factors. Among various combinations of the mixed culture of two tet-s R factors, a cross between tet-s-11 and tet-s-28 R factors gave the largest number of TC-resistant colonies, but most of them were in the hetero-R state. They often segregated tet-s progeny by loss of the tet-r R factor upon further subcultivation. However, tet-s-9 and tet-s-26 were found to be suitable counter-selective markers for production of stable tet-r recombinants.
Four crosses were conducted between tet-s-9 and tet-s-26 R factors (Table 2) ; tet was the selective marker and chl, str, and m were unselected markers. Crosses 1 and 2 indicate the recombination between Rg-5 and R9-22 in reciprocal crosses where R transfer was accomplished by transduction with P1. When selected on a plate containing both CM and SM, bacterial cells carrying two types of R factor, i.e., cells in the hetero-R state, were obtained. The frequency of formation of the hetero-R state in crosses 1 and 2 was 4 X 10-7 and 4 X 10-6 per input phage titer, respectively. The CM-or SMresistant revertants from recipient strains carrying R9-22 or Rg-5, i.e., the revertant cells which were able to grow on a plate containing CM plus SM, were also checked by plating recipient strains without phage. TC-resistant recombinants of R factors were selected by replica plating on TC plates from colonies selected on the transduction plates containing CM plus SM. TC-resistant colonies have never been isolated from CM-and SM-resistant revertants of recipient strains. Therefore, TC-resistant colonies thus obtained were considered to be tet-r recombinants of R factors, and their segregational patterns of unselected markers were examined after three successive single-colony isolations on drug-free plates.
As seen in Table 3 , eight types of segregants were obtained. Among them, the chl-r (str sul)-r a Mode of R transfer: crosses 1 and 2, transduction; crosses 3 and 4, conjugation. In cross 1, the donor was strain ML755 (chl-r str-s m+ tet-s-9); the recipient was strain ML772 (chl-s str-r m-tet-s-26). In cross 2, the donor was strain ML772; the recipient was strain ML755. In cross 3, the donor was strain ML755; the recipient was strain ML772. In cross 4, the donor was strain ML888 (chl-r str-s m+ tet-s-26); the recipient was strain ML916 (chl-s str-r m-tet-s-9). The frequency of recombination in cross 3 was 1.2 X 10'; in cross 4, 8.6 X 10-3. 6 Revertants of donor cells. c Including five revertants of donor cells. and chl-s (str sul)-s types of segregant were very few in number and are considered to be the result of crossovers between the chl and str-sul loci. A chl-s (str sul)-s type of segregant was found to have the chl-s-2 locus and is therefore not a deletion mutant of the chl-str-sul loci. The rarity of crossovers between the chl and str-sul loci indicates that these markers are closely linked.
Among four major segregants which did not cross between chl and str-sul loci, the tet-r chl-s str-r m+ type of segregant occurred least frequently, which agrees with the proposition that three crossovers were necessary.
A difference in frequency of the other three types of segregants, compared in cross 1 and cross 2, is seen as the result of the change in the direction of R transfer (6) . The mean value of the frequency in two experiments was found to reflect the real linkage pattern of the genetic loci on the R factor, which is shown in model A of Fig. 1 . The chl-s str-r mc type of segregant was greatest in number among the tet-r recombinants, suggesting that this type of segregant was produced by a single crossover between two tet-s loci. From these results, a linear linkage order of chl-str-sul m tet-9 tet-26 was proposed for the genetic loci of the R factor (Fig. 1) .
The frequency of crossovers between m and VOL.. 92, 1966 tet-9, or between m and chl loci, was 35 and 36%, respectively, indicating that tet and chl are about equidistant from m. Recombination between tet-9 and tet-26 was then analyzed by a conjugation experiment (Tables 2 and 3 and Fig. 1) .
Recombination between R5-5 and R922 was conducted by conjugal transfer of R95 (cross 3 in Table 2 ). Recombination between R>53 and R981 is shown in cross 4 of Table 2 , and cross 4
is the reciprocal of cross 3 with respect to the tet-s loci. Bacterial cells in the hetero-R state in crosses 3 and 4 were selected on CM plus SM plates, and the frequency of formation of the hetero-R state was 10 2 and 103 per number of donor cells, respectively. TC-resistant recombinants of the R factor were obtained from the mixed culture by direct selection on TC plates. The recombination frequency between the tet-s loci was 10-2 per cell in the hetero-R state. As a control, the number of TC-resistant revertants of the recipient strain was checked without mixed cultivation, and was found to be less than 1% of the number of tet-r recombinants. Segregational patterns of tet-r recombinants are shown in Fig. 1 . Among the four major segregants in cross 3, the chl-s str-r m+ class were fewest in number, as in crosses 1 and 2; however, the chl-r str-s m+ class occurred in greatest number, in contrast to cross 1 where the chl-s str-r m-class was most frequent. The chl-s str-r m-class occurred most often in cross Table 3 . The percentage is a mean of the results in two crosses. Model B is the same as cross 3, but the frequency of each crossover is corrected by the reciprocal cross 4, indicating the mean value of the same crossover type as in crosses 3 and 4.
::::Tgg-33% ---:.2t,--29-/o a All of the crosses were done by conjugation. Crossovers between the chl and str genes are rarely seen, and these segregants were omitted. The donor strain in cross 5 was R,-5 (tet-s-9 chl-r m+); the recipient was R9-24 (tet-s-28 chl-s m-). In crosses 6-1 and 6-2, the donor was Rg,7 (tet-s-ll chl-r m+), and the recipient was Rg,24. In cross 7, the donor was R9-7, and the recipient was Rg-81 (tet-s-9 chl-s m-).
In crosses 8-1, 8-2, and 8-3, the donor was Rloo-99 (tet-s-l chl-s m+), and the recipient was R9 80 (tet-s-26 chl-r m-). In cross 9, the donor was Rloo9, and the recipient was R9 201 (tet-s-28 chl-r m-). In cross 10, the donor was Rloo99,, and the recipient was Rg-195 (tet-s-J1 chl-r m-). These results could not be accounted for by a single linear linkage map of the R factor. These results and those presented previously (6) are best interpreted on the basis of a circular linkage map as shown in Fig. 2 .
Recombination between various tet-s point mutants of R factor. If the genetic structure of the R factor is circular, the tet gene of tet-r recombinants between tet-s mutants of the R factor should show linkage to both chl-str and the m locus. To verify the circular nature of the R factor, further tet recombination experiments were conducted by using three other tet-s mutants of the R factor carrying tet-s-i, tet-s-li , and tet-s-28 loci (Table 4) .
The isolation frequency of tet-r clones after double infection of both types of tet-s R factors was fairly high, ranging from 10-1 to 10 per those resistant to both CM and SM, i.e., cells in the hetero-R state. The tet-r recombinants were purified by three successive single-colony isolations from tet-r clones. Sometimes a newly formed tet-r R factor is accompanied by the tet-s R factor in the same cell, and, from this type of hetero-R cell, segregation of tet-s clones occurred not infrequently by the loss of the tet-r recombinant R factor. The sequence of the genetic markers chl, m, and the two tet-s loci was determined by assuming as before that the most frequently occurring R factor hybrid classes are those representing the minimum amount of multiple crossing over.
As shown in Table 4 , the tet loci were found to be always end markers and mostly linked to the m locus rather than to the chl loci. In one case, however, the chl loci were linked to the tet loci, as in crosses 3 and 4 in Fig. 1 . The sequence of five tet-s loci as determined from these experiments is chl-26-9-11-1-28-m. The tet loci were always end markers when tet-r recombinants were selected on TC plates, although the linked markers were either m or chl. On the other hand, 11 crosses for chl-r recombinants, which were reported in a previous paper (6) , showed that chl loci were invariably end markers when selected on CM plates. It appears that the selected marker determines the end marker, which would be expected if the R factor is circular.
DISCUSSION
The linkage relationships observed when tet-r recombinants of the R factor were selected cannot be explained by a single linear linkage map, as was deduced from previous experiments (6) with CM selection. Examination of the different linkage orders seen in this study (Table 5 ) leads us to the conclusion that the order of various markers in each cross is a circular permutation of a single linkage order, with varying end markers depending on the selected marker. A circular model for the R genome (Fig. 2) makes it possible to explain all of the segregation patterns seen in this and previous studies.
A circular structure has been demonstrated for the E. coli K-12 chromosome (7) and also for virulent phage T4 (4) . Temperate phage X is known to have a linear linkage structure (8) , but, in the prophage state, the sequence of markers was found to be a circular permutation of the map in the vegetative state (1) (2) (3) . A stage of circularization of X deoxyribonucleic acid (DNA) after infection was demonstrated, and lysogenization was assumed to be a result of insertion of this circular X genome into the host chromosome by reciprocal crossover (2) . The splitting point of circular X DNA in the prophage state is different from that of the mature phage. It has been postulated by Campbell (2) that all of the episomes that are not destructive to the host cell are circular. This circular model easily explains the mechanism of integration of the episome with the host chromosome. In the case of R factors, however, integration with the host chromosome has not been demonstrated. Although the present genetic analysis has indicated a circular structure for the R factor, it is not known whether this represents its physical form. Physicochemical studies will be necessary to determine whether R factors exist within the cell as a circular physical structure.
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